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Abstract 


The  Arctic  Ocean  is  a  region  of  interest  for  Canadian  defence.  Here,  a  concept  for 
a  set  of  long-lived  drifting  acoustic  monitoring  arrays  is  proposed.  The  detection 
performance  of  this  concept,  the  Drifting  Arctic  Monitoring  System,  or  DAMS,  is 
investigated  via  modelling.  It  is  found  that  in  very  quiet  conditions,  such  as  that 
found  under  ice  cover,  detection  ranges  of  hundreds  of  kilometres  are  possible.  On 
the  other  hand,  in  the  presence  of  ice  cracking  or  other  intensely  noisy  phenomena, 
DAMS  is  not  likely  to  function  as  well.  The  limitations  imposed  by  this  noise  could 
however  be  mitigated  by  a  more  complete  picture  of  the  nature  of  the  ambient  noise 
that  is  likely  to  be  encountered,  therefore  a  better  understanding  of  the  Arctic  ambient 
noise  environment  is  an  important  part  in  the  development  of  the  system.  This  could 
make  the  DAMS  concept  an  important  part  of  an  underwater  surveillance  network. 

Significance  for  defence  and  security 


This  report  describes  a  potential  acoustic  surveillance  system  (the  Drifting  Arctic 
Monitoring  System,  or  DAMS)  for  the  Arctic  Ocean,  and  gives  preliminary  mod¬ 
elling  results  showing  the  ranges  for  which  a  DAMS  system  could  provide  effective 
monitoring.  These  results  indicate  that  in  ice-covered  regions,  detections  are  possi¬ 
ble  out  to  hundreds  of  kilometres  of  range.  The  modelling  also  helps  to  predict  the 
performance  for  candidate  array  systems  and  thereby  serves  as  a  design  aid  for  the 
DAMS  arrays. 
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Resume 


L ’ocean  Arctique  constitue  une  region  dinteret  ponr  la  defense  du  Canada.  Dans  le 
present  rapport,  nous  proposons  un  ensemble  de  reseaux  derivants  de  surveillance 
acoustique  de  longue  duree.  Nous  avons  etudie  a  l’aide  de  la  modelisation  la  per¬ 
formance  de  detection  de  cet  ensemble,  soit  le  systeme  derivant  de  surveillance  de 
l’Arctique  (Drifting  Arctic  Monitoring  System  DAMS).  Dans  des  conditions  tres  si- 
lencieuses,  comme  celles  que  l’on  retrouve  sous  la  glace,  nous  avons  determine  que 
la  portee  de  detection  du  DAMS  peut  atteindre  des  centaines  de  kilometres.  Tou- 
tefois,  le  DAMS  n’offrira  probablement  pas  un  rendement  aussi  eleve  en  presence 
de  bruit  intense,  comme  le  craquement  de  la  glace.  Nous  croyons  qu’une  connais- 
sance  plus  etendue  de  la  nature  du  bruit  ambiant  susceptible  d’etre  rencontre  per- 
mettrait  d’attenuer  les  limites  imposees  par  le  bruit.  C’est  pourquoi  une  meilleure 
comprehension  de  l’environnement  sonore  ambiant  de  l’Arctique  constitue  un  element 
important  de  la  rnise  au  point  du  systeme.  En  effet,  le  DAMS  pourrait  ainsi  jouer  un 
role  important  dans  un  reseau  sous-marin  de  surveillance. 


Importance  pour  la  defense  et  la  securite 


Le  rapport  comporte  la  description  d’un  eventuel  systeme  de  surveillance  acoustique 
de  l’ocean  Arctique,  soit  le  systeme  derivant  de  surveillance  de  l’Arctique  (Drif¬ 
ting  Arctic  Monitoring  System  DAMS),  ainsi  que  les  resultats  preliminaries  de  la 
modelisation  qui  montrent  la  portee  de  surveillance  efficace  que  pourrait  atteindre  le 
DAMS  (dans  les  regions  recouvertes  par  les  glaces,  la  portee  de  detection  peut  at¬ 
teindre  des  centaines  de  kilometres).  La  modelisation  facilite  egalement  la  prevision 
du  rendement  de  systemes  de  reseaux  potentiels  et  done  la  conception  de  reseaux 
DAMS. 


DRDC-RDDC-201 5-R021 


Table  of  contents 


Abstract .  i 

Significance  for  defence  and  security  .  i 

Resume .  ii 

Importance  pour  la  defense  et  la  securite .  ii 

Table  of  contents .  iii 

List  of  figures .  iv 

1  Background .  1 

1.1  System  description .  1 

2  Passive  sonar  performance  calculations .  6 

2.1  Acoustic  model  and  environment .  6 

2.2  Noise  background .  9 

2.2.1  Ambient  noise  levels .  10 

2.2.2  Array  gain .  11 

2.2.3  Array  self-noise .  12 

2.3  Source  levels .  13 

2.4  Detection  threshold .  13 

3  Results .  15 

3.1  Figure  of  merit .  15 

3.2  Transmission  loss  .  15 

3.3  Detection  results .  16 

4  Conclusions .  20 

References .  21 


iii 


DRDC-RDDC-201 5-R021 


List  of  figures 


Figure  1:  Illustration  of  the  DAMS  concept.  Large  buoys  locked  in  ice 
support  vertical  line  arrays,  which  detect  acoustic  signals  and 
report  to  remote  users  through  a  satellite  communication  network.  3 

Figure  2:  Arctic  acoustic  transmission  loss  versus  range  for  different 

frequencies.  Low  frequencies  propagate  best  in  near  surface  Arctic 
conditions.  Adapted  from  Urick  [5,  adapted  from  Fig.  6.20].  ...  4 

Figure  3:  Monthly  sea  ice  extent  for  the  month  of  December,  1978-2013. 

The  blue  line  indicates  a  trend  of  3.5%  loss  per  year  [18] .  7 

Figure  4:  Average  Arctic  ice  cover  for  March  and  September  over  the  period 

1981-2010  [18].  Red  arrow  is  2000  km  in  length .  8 

Figure  5:  Typical  winter  sound  speed  profile  for  the  Canada  Basin .  9 

Figure  6:  Wenz  noise  curves  for  varying  wind  speeds  and  shipping  levels.  .  .  10 

Figure  7:  Ambient  noise  curves  for  Arctic  areas  based  on  [31,  5] .  11 

Figure  8:  Full  field  transmission  loss  in  Arctic  environment  at  50  Hz  for  a 

source  at  50  m  depth .  16 

Figure  9:  Transmission  loss  (TL)  and  Figure  of  Merit  (FOM)  vs.  range  for 

deep  (500  m)  and  shallow  (50  m)  targets  at  50  Hz .  17 

Figure  10:  Polar  map  shows  the  potential  for  areal  coverage  by  six  DAMS 
buoys  freely  drifting  in  the  Arctic  Gyre.  The  dark  centre 
represents  a  conservative  200-km  detection  range,  while  the 
gradient-filled  larger  circles  represent  a  600-km  detection  range  in 
good  acoustic  conditions .  19 


IV 


DRDC-RDDC-201 5-R021 


1  Background 


The  Arctic  Ocean  has  long  been  a  region  of  interest  for  Canadian  defence  research. 
Issues  including  territorial  sovereignty  and  resource  exploitation  make  monitoring 
Arctic  traffic  and  activities  an  important  component  of  Canadian  defence  policy. 
Given  the  nature  of  acoustic  propagation  in  the  Arctic  Ocean,  where  low  frequency 
(sub-kHz)  sound  propagates  for  long  distances  near  the  surface,  passive  acoustic  mon¬ 
itoring  is  potentially  a  very  important  surveillance  method  for  both  surface  vessels 
and  submarines.  A  recent  review  article  by  Hutt  [1]  provides  a  useful  understanding 
of  the  state  of  acoustics  in  the  Arctic  Ocean. 

In  this  report,  we  describe  a  potential  Arctic  Ocean  acoustic  surveillance  system, 
which  we  have  named  the  Drifting  Arctic  Monitoring  System  (DAMS).  We  under¬ 
take  a  preliminary  effort  at  modelling  the  ranges  for  which  a  DAMS  system  could 
provide  effective  monitoring.  The  modelling  also  helps  to  predict  the  performance 
for  candidate  array  systems  and  thereby  serves  as  a  design  aid  for  the  DAMS  arrays. 
Note  that  the  system  description  and  modelling  results  are  based  on  a  system  concept 
rather  than  an  existing  system. 

1.1  System  description 

The  Drifting  Arctic  Monitoring  System  (DAMS)  is  a  concept  that  involves  the  de¬ 
ployment  of  a  group  of  rugged,  long-life,  drifting  buoys  equipped  with  long,  vertical, 
low-frequency  acoustic  sensing  arrays  to  accomplish  underwater  surveillance  in  the 
Arctic  Ocean.  The  drifting  buoys  will  have  on-board  signal  processing  and  commu¬ 
nications  capabilities  through  low  data-rate  satellite  channels,  such  as  IRIDIUM  [2], 
and/or  moderate  bandwidth  channels  to  aircraft  or  unmanned  arial  vehicles  (UAV), 
which  might  occasionally  connect  to  the  buoy’s  processor  for  opportunistic  data  trans¬ 
fers. 

The  buoys  will  measure  ambient  noise  and  detect  passive  acoustic  signals  using  ad¬ 
vanced  signal  processing.  Detected  signals  will  be  associated,  tracked,  localized,  and, 
to  a  limited  degree  classified,  by  the  on-board  software.  In  general,  it  will  not  be  pos¬ 
sible  to  move  raw  data  from  the  buoys  to  a  remote  processor  and  system  operator; 
instead,  the  buoy  processor  will  generate  a  short  message  using  a  defined  protocol 
that  can  be  transmitted  via  IRIDIUM  to  a  remote  operator  station.  Considerable 
experience  with  this  mode  of  operation  has  been  developed  by  participation  in  the 
NATO  Next  Generation  Autonomous  Systems  Joint  Research  Project  [3]. 

While  it  is  possible  to  store  raw  acoustic  data  for  later  analysis,  this  will  likely  not 
be  done  by  a  DAMS  buoy  in  normal  operation.  The  buoy  will  store  some  data,  but 
this  is  expected  to  be  related  to  environmental  and  engineering  measurements  only. 
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Signature  data  will  not  be  stored  in  order  to  avoid  issues  with  security. 

A  complete  Arctic  Ocean  surveillance  system  would  consist  of  a  number  of  DAMS 
buoys  deployed  in  the  Arctic  Ocean  to  drift  freely  in  the  polar  gyre,  ideally  using  a 
cyclic  deploy-monitor-recover-refurbish  process.  As  we  shall  see,  a  small  number  of 
DAMS  buoys,  potentially  only  6-12,  in  the  Arctic  Ocean  at  any  one  time  would  pro¬ 
vide  an  impressive  surveillance  capability.  The  proposed  DAMS  project  would  carry 
out  the  basic  engineering  and  scientific  research  required  with  a  final  demonstration 
of  a  small  number  (1  or  2)  DAMS  buoys  to  prove  the  concept. 

Depending  on  the  drift  pattern  for  a  DAMS  buoy,  the  life  of  a  buoy  would  be  6-18 
months.  The  buoys  will  make  use  of  battery  power,  augmented  by  solar  power  in 
the  summer  season.  The  cold  temperatures  and  long  operating  duration  imply  that 
careful  budgeting  of  energy  will  be  required. 

Figure  1  is  a  concept  sketch  showing  two  DAMS  buoys  locked  in  the  ice  with  notional 
acoustic  arrays  suspended  beneath.  Each  buoy  would  be  initially  placed  in  a  hole 
created  in  a  thick  pan  of  ice.  As  we  shall  see  from  the  results  of  this  paper,  DAMS 
buoys  will  generally  be  separated  by  several  hundred  kilometres  and  will  not  be  in 
close  proximity  as  depicted  in  the  concept  sketch. 

The  buoys  will  be  equipped  with  floats  to  ensure  the  system  remains  buoyant  in  the 
event  that  it  is  freed  from  the  ice  and  the  structure  of  the  buoy  shall  be  sufficiently 
strong  to  withstand  pressure  created  by  moving  ice.  fee  buoys  are  relatively  common¬ 
place  [4] ,  but  in  general  they  are  used  for  oceanographic  and  environmental  purposes. 
Our  suggested  application,  that  of  acoustic  surveillance,  is  as  far  as  we  know  unique 
at  this  time. 

The  DAMS  concept  sketch  shows  a  large  canister  connected  to  the  buoy  by  a  short 
length  of  cable.  This  canister  is  the  main  battery  case  and  it  will  be  located  at  a 
depth  approximately  15  m  below  the  surface.  Locating  the  canister  on  the  surface, 
or  near  to  the  surface  within  the  zone  where  ice  can  form,  would  mean  that  the 
batteries  could  experience  very  low  (— 40°C  or  lower)  temperatures.  The  battery 
canister  will  make  use  of  the  sea  water  to  maintain  the  batteries  at  the  relatively 
warm  temperature  of  —1  to  — 1.5°C.  ft  is  important  to  maintain  the  batteries  at  a 
relatively  warm  temperature,  because  many  battery  technologies  have  reduced  energy 
and  also  do  not  recharge  well  when  they  are  cold.  Depending  on  the  chosen  battery 
technology,  the  use  of  vacuum  panels  and  other  insulation  may  be  required.  Active 
heating  through  chemical  means  is  also  a  possibility,  but  will  be  avoided  if  possible 
due  to  the  added  complexity. 

The  maximum  buoy  life-time  can  be  obtained  by  deploying  the  buoy  in  the  spring 
when  the  majority  of  operational  energy  can  be  provided  by  solar  panels  until  the  sun 
sets  in  the  fall.  During  the  dark  months  power  would  be  drawn  from  the  batteries. 
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Figure  1:  Illustration  of  the  DAMS  concept.  Large  buoys  locked  in  ice  support 
vertical  line  arrays,  which  detect  acoustic  signals  and  report  to  remote  users  through 
a  satellite  communication  network. 

With  the  return  of  sunlight  in  the  spring,  solar  energy  will  be  available  and,  if  possible, 
excess  energy  will  be  stored  in  a  rechargeable  battery  pack.  It  is  unlikely  that  solar 
power  will  be  sufficient  to  fully  recharge  the  buoy’s  battery  and,  therefore,  the  buoy 
would  normally  be  recovered  in  the  late  summer  season  resulting  in  the  maximum 
endurance  of  approximately  18  months. 

The  buoy  will  be  equipped  with  a  long  acoustic  receive  array  (between  500  m  and 
1000  m  long)  that  is  designed  for  low  frequencies.  It  is  well  known  that  Arctic 
conditions  allow  for  long-range,  near  surface  propagation  of  low  frequency  signals  and 
DAMS  is  intended  to  make  use  of  this  characteristic  feature.  Figure  2  from  Urick  [5] 
(Adapted  from  Fig.  6.20,  [6])  is  an  illustration  of  the  advantage  low-frequency  signals 
provide.  At  frequencies  in  the  tens  of  Hz,  acoustic  propagation  near  the  surface  has 
much  less  than  spherical  spreading  loss,  resulting  in  propagation  ranges  of  hundreds 
of  km. 
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range  (km) 


Figure  2:  Arctic  acoustic  transmission  loss  versus  range  for  different  frequencies.  Low 
frequencies  propagate  best  in  near  surface  Arctic  conditions.  Adapted  from  Urick  [5, 
adapted  from  Fig.  6.20]. 


The  array  will  be  constructed  using  the  Rapidly  Deployable  Systems  Array  Tech¬ 
nology  (RDSAT),  which  has  been  developed  at  DRDC  over  the  last  14  years  [7,  8, 
9,  10,  11].  RDSAT  sensor  systems  are  intended  for  battery  operations  and  produce 
very  high  quality  digital  data.  A  typical  48-64  hydrophone  array  and  its  controller 
generally  consume  less  than  3  watts.  A  considerable  fraction  of  this  power  is  often 
expended  in  the  array  interface  (Ethernet,  USB)  that  connects  the  array  to  a  com¬ 
puter  system.  The  DAMS  application  can  reduce  the  power  requirements  further 
by  integrating  the  array  controller  with  the  buoy’s  embedded  processing  and  moving 
data  directly  to  processor  memory,  by  using  a  reduced  sample  rate  as  a  result  of  the 
limited  frequency  range.  Also,  because  conditions  are  expected  to  be  relatively  static, 
the  microprocessors  at  each  hydrophone  can  be  powered  down  once  the  nodes  have 
been  configured.  These  three  array  changes  and  design  modifications  should  result  in 
a  significant  power  savings  from  the  sensor  array. 

The  on-board  buoy  processor  will  make  use  of  the  Linux  embedded  processing  that 
DRDC  has  employed  for  several  projects  including  the  Starfish  Sensor  Cubes  (SSC) 
[12,  13],  Low-Complexity  Access  Networks  (LCAN)  [14],  and  the  new  Active/Passive 
Arctic  Detection  System  (APADS).  Currently,  on-board  processing  algorithms  for 
auto-detection,  and  beamforming  exist  and  have  been  used  effectively  [11,  15,  16]. 
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Recently,  DRDC  has  begun  to  translate  algorithms  into  hardware  solutions  using 
Floating  Point  Gate  Arrays  (FPGA),  which  are  effective  at  carrying  out  complex  algo¬ 
rithms  using  less  power  than  a  general  computing  processor.  The  DAMS  application 
will  make  use  of  FPGAs  for  reduced  energy  expenditures  in  data  processing.  Target 
tracking  software  and  other  embedded  algorithms  that  will  be  used  in  DAMS  are 
currently  being  developed  as  part  of  DRDC’s  Force  Anti-Submarine  Warfare  Project 
and  the  Autonomous  Networked  Surveillance  Systems  (ANSS)  [17]  work  breakdown 
element. 

The  DAMS  proposal  provides  a  number  of  technical  and  research  challenges,  but  a 
working  prototype  system  is  expected  to  be  well  within  the  current  capabilities  of 
DRDC  given  existing  experience  with  battery-powered  off-board  sensing  systems.  It 
will  be  demonstrated  that  the  DAMS  proposal  has  considerable  potential  as  an  Arctic 
acoustic  surveillance  system. 
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2  Passive  sonar  performance  calculations 


A  useful  way  to  model  the  performance  of  a  passive  sonar  system  is  to  determine  the 
range  at  which  there  is  sufficient  signal  to  meet  or  exceed  a  given  detection  threshold 
(DT)  for  a  given  target.  There  are  several  ways  in  which  this  can  be  done.  One  such 
way  is  to  define  the  figure  of  merit  (FOM)  for  a  given  frequency  as: 

FOM  =  SL  -  (NL  -  AG)  -  DT,  (1) 

where  NL  is  the  noise  level,  SL  is  the  source  level,  and  AG  is  the  array  gain  of  the 
sonar  system  with  respect  to  the  noise.  This  FOM  then  equals  the  maximum  one-way 
TL  (the  modelled  transmission  loss)  that  can  be  tolerated  while  providing  a  signal 
excess  of  0  dB  for  the  specified  detection  threshold  [5].  For  now,  we  will  model  the 
potential  effectiveness  of  DAMS  by  calculating  the  FOM  at  a  given  frequency  or  set 
of  frequencies,  and  comparing  this  to  modelled  transmission  loss  in  the  Arctic  en¬ 
vironment.  To  accomplish  the  modelling,  we  therefore  need  to  describe  the  Arctic 
environment  used  to  compute  transmission  loss.  The  noise  component  of  the  compu¬ 
tation  is  then  discussed,  followed  by  potential  source  levels,  and  detection  thresholds 
given  the  expected  processing  to  be  used  by  DAMS.  The  results  of  the  transmission 
loss  model  and  overall  detection  results  are  then  discussed  in  Section  3. 

2.1  Acoustic  model  and  environment 

Sound  propagation  in  the  Arctic  differs  from  that  in  the  other  oceans  in  a  number  of 
respects.  One  of  the  most  obvious  of  these  is  the  prevalence  of  ice  cover.  The  extent 
and  nature  of  the  ice  cover  will  affect  the  propagation  of  sound  in  the  Arctic  Ocean, 
as  well  as  dramatically  impact  the  nature  of  the  ambient  noise  levels. 

Arctic  sea  ice  extent  and  area  have  been  diminishing  rapidly  over  the  past  several 
decades.  Figure  3  shows  a  plot  of  ice  extent,  i.e.,  the  area  with  ice  concentration  over 
15%,  in  December  for  the  years  1978  to  2013  [18].  Nevertheless,  the  Arctic  Ocean  is 
still  ice-covered  through  a  large  part  of  the  year,  and  the  deep  Arctic  basins  still  have 
large  swaths  (hundreds  of  km  across)  covered  by  ice  even  at  the  minimum  ice  extent. 
Figure  4  shows  the  areas  in  the  Arctic  that  have  been  typically  covered  by  ice  near 
the  sea  ice  minimum  and  maximum,  over  the  period  1981-2010. 

Water  depths  in  the  basins  of  the  Arctic  Ocean  vary  from  about  2800-4000  m  deep. 
Arctic  oceanography  consists  of  three  main  water  masses  [19],  the  Arctic,  Atlantic, 
and  Arctic  Deep  water  masses,  whose  density  structure  is  determined  largely  by 
salinity.  As  described  by  Pickard  and  Emery  [20],  the  surface  Arctic  water  mass 
(extending  down  to  about  200  m  depth)  circulates  clockwise  with  speeds  of  1  to 
4  cm/s.  The  surface  water  layer  (top  25  to  50  m)  has  a  temperature  near  the  freezing 
point  of  sea  water,  about  -1.5°  C,  and  salinity  that  varies  geographically  from  28  PSU 
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Figure  3:  Monthly  sea  ice  extent  for  the  month  of  December,  1978-2013.  The  blue 
line  indicates  a  trend  of  3.5%  loss  per  year  [18]. 


to  33.5  PSU.  Seasonal  variations  in  temperature  and  salinity  are  usually  quite  small 
(smaller  than  regional  variations).  Below  the  surface  layer  is  another  layer  with  a 
halocline  to  about  100  m,  which  is  near-isothermal  in  the  Eurasian  Basin,  but  has  a 
temperature  maximum  at  75  m  to  100  m  in  the  Canada  Basin,  due  to  the  incursion  of 
warmer,  saltier  Bering  Sea  water  through  the  Bering  Strait.  Deeper  still  is  a  mixing 
layer  intermediate  between  the  subsurface  Arctic  mass  and  the  Atlantic  water  mass 
below.  This  water,  which  extends  from  about  200  to  900  m  depth,  is  warmer  than 
the  water  above  and  below.  The  third  water  mass,  the  Arctic  Deep,  has  a  very  stable 
salinity  of  about  34.9  to  34.99  PSU  horizontally  and  vertically,  with  temperature 
minima  of  about  -0.8°  C  at  2500  m  depth  in  the  Eurasian  Basin  and  0.4°  C  in  the 
Canada  Basin  at  2000  m. 

For  the  purposes  of  modelling  acoustic  propagation,  we  assume  a  typical  winter  sound 
speed  profile  for  the  Canada  Basin  in  the  Arctic  Ocean  (see  Figure  5),  and  a  constant 
bottom  depth  of  3800  m.  Total  sedimentary  cover  thicknesses  in  the  Arctic  have  been 
compiled  in  [21],  and  range  from  areas  of  little  sediment  (less  than  2  km)  near  the 
pole,  to  regions  where  thickness  is  over  12  km.  Sediment  thicknesses  in  the  Canada 
Basin  are  about  6-10  km,  where  the  surficial  layers  seem  to  be  primarily  silty  clays 
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Figure  4:  Average  Arctic  ice  cover  for  March  and  September  over  the  period  1981- 
2010  [18].  Red  arrow  is  2000  km  in  length. 

[22,  23].  For  modelling  purposes,  we  assume  a  sedimentary  rock  or  limestone  half- 
space  underlying  mostly  silty  sediment,  with  the  surficial  layer  being  about  100  m 
thick.  The  layers  are  modelled  using  the  geoacoustic  parameters  given  in  Table  1, 
which  is  also  consistent  with  measurements  acquired  in  the  Nansen  Basin  [24],  The 
exact  nature  of  the  bottom  sediment  is  not  crucial,  due  to  the  upward  refracting 
profile  and  large  water  depth. 

Acoustic  propagation  models  differ  in  their  ability  to  handle  propagation  under  ice, 
and  in  fact,  modelling  the  effects  of  an  ice  surface  on  propagation  is  an  active  area  of 
research  [25,  26,  27,  28,  29].  For  the  purposes  of  this  study,  we  will  treat  the  ice  as  a 
rough  elastic  layer  with  a  thickness  of  4  m  The  density  of  sea  ice  is  0.92  g/cm3,  and  we 
will  use  for  the  geoacoustic  parameters  cp  =  3500  m/s,  cs  =  1500  m/s,  ap  =  0.5  dB/A, 
as  —  1.0  dB/A.  The  roughness  along  the  ice- water  interface  was  defined  as  Gaussian 
with  an  RMS  roughness  of  1.9  m  and  a  correlation  length  of  40  m.  These  parameters 
are  similar  to  those  used  in  previous  studies  [30]. 
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Figure  5:  Typical  winter  sound  speed  profile  for  the  Canada  Basin. 


Table  1:  Geoacoustic  parameters  for  propagation  modelling. 


Parameter 

Upper  layer 

Basement 

Thickness 

100  m 

half-space 

Density  p 

1.7  g/crn'3 

2.4  g/crrC 

Compressional  sound  speed  cp 

1.05c™ 

3  km/s 

Shear  speed  cs 

0.5  km/s 

1.5  km/s 

Compressional  attenuation  ap 

1  db/A 

0.1  dB/A 

Shear  attenuation  as 

1.5  db/A 

0.2  dB/A 

2.2  Noise  background 

The  noise  background  is  an  important  term  in  Eq.  1.  The  two  components  of  this 
noise  are  ambient  noise,  and  self- noise.  Set  against  this  is  the  array  gain,  i.e.,  how 
well  the  array  reduces  the  effects  of  noise  on  an  incoming  signal. 
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Figure  6:  Wenz  noise  curves  for  varying  wind  speeds  and  shipping  levels. 

2.2.1  Ambient  noise  levels 

Ambient  noise  level,  as  applied  in  this  analysis,  is  the  intensity  of  the  ambient  back¬ 
ground  relative  to  the  intensity  of  a  plane  wave  with  1  /iPa  RMS  pressure,  as  measured 
using  an  omnidirectional  hydrophone  [5].  The  directionality  of  both  the  noise  and 
the  receiver  will  impact  the  effect  that  this  ambient  noise  will  have  on  detection. 
The  nature  of  the  noise  depends  on  the  frequencies  of  interest  and  on  the  conditions 
causing  the  noise. 

Urick  [31]  provides  a  summary  of  much  of  the  early  work  done  in  studying  ambient 
noise.  In  typical  mid-latitude  open  ocean,  ocean  turbulence  and  seismic  disturbances, 
or  microseismicity,  can  be  a  heavy  contributor  to  ambient  noise,  dominating  the  noise 
background  at  frequencies  lower  than  a  few  tens  of  Hz.  Above  this  frequency  regime, 
in  the  range  from  about  50  Hz  to  about  500  Hz,  shipping  tends  to  be  the  dominant 
noise  source.  Over  frequencies  from  several  hundred  Hz  to  about  25  kHz,  ambient 
noise  is  generally  dominated  by  wind-related  processes.  These  processes  include  wind 
turbulence,  surface  motion,  wave  interactions,  and  spray  and  cavitation.  At  very 
high  frequencies,  molecular  thermal  noise  rises  with  frequency  at  a  rate  of  6  dB  per 
octave,  eventually  dominating  the  noise  background.  Figure  6  shows  the  curves  that 
describe  the  power  spectral  level  of  ambient  noise  according  to  the  Wenz  model  [32], 
for  wind  speeds  of  5  and  40  knots,  and  light  and  heavy  shipping  levels.  In  many  of 
these  frequency  bands,  high  ambient  noise  backgrounds  due  to  biological  activity  can 
also  present  themselves. 
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Figure  7:  Ambient  noise  curves  for  Arctic  areas  based  on  [31,  5]. 

In  the  Arctic,  the  noise  background  can  be  quite  different.  Broadband  noise  from 
biological  sources  is  usually  less,  particularly  in  conditions  of  full  ice  cover.  Similarly, 
ambient  noise  from  distant  shipping  is  also  often  reduced.  Wind  noise  is  still  found, 
but  observations  have  shown  that  it  is  stronger  for  partial  ice  cover,  while  for  full 
ice  cover  the  noise  levels  are  independent  of  wind  speed  [33,  31].  Other  noise  sources 
include  tensile  ice  cracking,  which  tends  to  produce  strong  impulsive  sources  as  air 
temperatures  drop  [34,  35];  ice  movement,  including  rubbing  and  colliding  of  floes, 
and  ice  Assuring  at  mid- frequencies  [36] ,  as  well  as  pressure  ridging  at  low  and  medium 
frequencies  [37].  In  areas  of  partial  ice,  or  near  the  marginal  ice  zone,  waves  crashing 
on  ice  floes  are  also  a  source  of  ambient  noise.  A  compilation  of  ambient  noise 
power  spectra  measured  in  the  Arctic  can  be  found  in  [31].  Based  on  that  data  and 
estimated  prevalence  levels  for  ambient  noise  in  the  Arctic  from  [5],  Figure  7  shows 
potential  ambient  noise  curves  for  Arctic  areas.  Noise  spectral  levels  can  differ  greatly 
depending  on  the  prevailing  conditions;  for  example,  the  low  noise  curve,  based  on 
measurements  in  an  area  of  old  polar  ice  in  April  1961  with  no  ice  cracking  [36],  is 
40-50  dB  lower  than  the  high  noise  curve  (shore-fast  thick  ice  measured  in  February 
1963  with  frequent  cracking  [36])  from  10  Hz  to  1  kHz. 

2.2.2  Array  gain 

It  is  anticipated  that  the  DAMS  array  will  have  multiple  apertures,  with  a  length  of 
between  500  m  and  1000  m,  i.e.,  up  to  20- A  in  length  for  a  30  Hz  signal.  The  number 
of  sub-array  elements  is  not  yet  determined,  but  somewhere  between  24-64  elements 
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is  likely.  In  addition,  at  least  some  elements  of  the  array  would  have  an  azimuthal 
directivity  in  order  to  allow  determination  of  the  signal  bearing.  The  combined 
vertical  and  horizontal  directivity  can  easily  be  expected  to  provide  a  directivity 
index,  DI,  of  up  to  16  dB.  In  the  idealized  case,  directivity  index  equals  the  array  gain 
relative  to  ambient  noise.  In  reality,  the  array  gain  will  fluctuate  depending  on  the 
coherence  of  the  acoustic  signal;  for  example,  the  presence  of  internal  waves  typically 
reduces  signal  coherence  and  array  gain.  In  the  case  of  under-ice  propagation,  for 
low  frequencies  acoustic  signals  show  near-ideal  coherence  temporally,  with  tonal 
signals  up  to  40  Hz  having  stable  relative  phases  over  long  ranges  [38].  Basin-scale 
experiments  have  also  shown  long  distance  spatial  and  temporal  coherence  [39,  40]. 

Typically,  ambient  noise  is  considered  to  have  a  Gaussian  amplitude  distribution,  and 
to  be  approximately  isotropic.  The  noise  found  in  the  Arctic  due  to  ice  cover  is  fre¬ 
quently  non-Gaussian  [41,  36,  42],  and  may  have  significant  directionality  associated 
with  it  [43].  Without  some  further  knowledge  of  the  typical  conditions  that  will  be 
encountered  by  DAMS,  it  is  difficult  to  determine  how  best  to  process  data  from  an 
array  to  minimize  noise.  It  is  possible  that  a  higher  gain  might  be  realized  against  the 
directional  non-Gaussian  noise  (possibly  generated  by  local  sources  near  the  surface) 
when  the  target  is  a  distant  submerged  one,  as  compared  to  the  usual  assumptions  of 
Gaussian,  isotropic  noise.  For  example,  in  azimuthally  isotropic  noise  that  is  confined 
to  a  horizontal  plane,  the  array  gain  at  broadside  can  be  2  dB  greater  than  the  DI 
[44].  For  the  modelling  in  this  report,  an  array  gain  of  16  dB  is  used. 

2.2.3  Array  self-noise 

In  very  low  ambient  noise  conditions  in  the  Arctic,  array  self-noise  could  potentially 
limit  the  performance  of  DAMS.  Electronic  system  noise  can  generally  be  made  lower 
than  the  ambient  noise  level;  however,  this  low  system  noise  comes  at  the  expense 
of  increased  power  dissipation  in  the  hydrophone  preamplifiers.  Due  to  the  long 
endurance  required  of  the  DAMS  with  a  battery  power  source  all  current  consumption 
must  be  minimized.  Fortunately,  DRDC  has  considerable  experience  with  a  suitable 
array  technology  that  combines  low-power  and  low-system  noise  [45]. 

It  is  also  possible  that  hydrodynamic  noise  could  affect  array  performance.  However, 
typical  currents  in  arctic  near-surface  waters  are  quite  slow,  averaging  1-4  cm/s  [20]. 
Based  on  experimental  data  [46],  the  flow  noise  on  a  hydrophone  of  10  cm  diameter 
from  a  4  cm/s  current  could  exceed  the  lower  limit  of  ambient  noise  shown  in  Figure  7 
for  frequencies  below  30  Hz,  with  noise  levels  of  45  dB  re  l/iPa2/Hz  at  30  Hz  and 
65  dB  re  l/iPa2/Hz  at  15  Hz.  Depending  on  the  relative  drift  rate  of  DAMS,  some  or 
all  of  the  hydrophones  could  experience  this  type  of  flow  noise,  so  the  design  choices 
for  DAMS  will  affect  levels  of  hydrodynamic  noise  experienced  by  the  array. 
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2.3  Source  levels 


The  assumed  threat  source  level  (SL  in  Eq.  1)  spectrum  is  based  on  the  values  given 
by  Urick  [5,  p.318],  based  on  WWII-era  electric  submarines  operating  at  the  surface 
at  a  speed  of  4  kts  (originally  found  in  [47]).  A  set  of  power  spectral  levels  for  various 
frequencies,  along  with  a  broadband  level  for  the  400  Hz  to  800  Hz  band,  is  shown  in 
Table  2. 


Table  2:  Threat  source  level  spectrum. 


Frequency  (Hz) 

Source  level  (dB  re  1//Pa2/Hz) 

15 

141 

50 

133 

150 

126 

300 

122 

600 

117 

Broadband 

146  (120  +  101oglo400) 

2.4  Detection  threshold 

The  computation  of  the  detection  threshold  (DT)  for  each  frequency  depends  on  the 
nature  of  the  acoustic  signals,  the  noise  background,  usually  assumed  to  be  Gaus¬ 
sian,  and  the  type  of  processing.  Tonal  signals  received  from  a  distant  source  on  an 
array  behave  like  narrowband  Gaussian  noise  [48].  If  a  received  signal  is  split  into 
processed  segments,  the  assumption  that  these  segments  are  uncorrelated,  i.e.,  that 
the  segments  are  processed  incoherently,  is  a  Swerling  II  signal  model  for  the  sig¬ 
nal  amplitude  fluctuations.  Walker  [49]  describes  how  the  detection  performance  of 
FFT  processing  of  such  a  signal  can  be  evaluated,  based  on  the  processor  parameters 
selected,  giving  the  equation: 

DT  =  Gm  +  10  log10  B  +  Lw  +  Lr  —  Gz  —  G0  +  Ln,  (2) 

where  Gm  is  the  basic  detection  threshold  (based  on  the  desired  probabilities  of  false 
alarm  and  detection)  for  a  given  signal  type  (in  this  case  Swerling  II)  with  a  given 
time-bandwidth  product  (here,  the  record  length  or  integration  time  multiplied  by 
the  FFT  bin  width);  B  is  the  FFT  bin  width;  Lw  and  Lr  are  the  data  windowing  and 
ripple  losses;  Gz  and  G0  are  the  gains  due  to  zero-padding  and  overlapping  of  the 
FFT  segments;  and  Ln  is  the  loss  due  to  data  normalization,  i.e.,  adjacent  bins  used 
to  estimate  noise  power. 

For  the  purposes  of  this  analysis,  we  assume  an  integration  time  of  5  minutes,  using 
FFT  lengths  of  8  seconds  for  the  15  Hz  and  50  Hz  signals  and  4  seconds  for  the 
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150  Hz  and  higher  frequency  signals,  giving  a  time-bandwidth  product  of  37.5  and  75 
respectively.  A  50%  overlapped  Hann  window  will  be  assumed,  along  with  the  use  of 
20  normalizer  bins  for  noise  power  estimate.  The  resulting  detection  thresholds  for  the 
narrowband  signals,  based  on  varying  probability  of  detection  (Pd)  and  probability 
of  false  alarm  (Pfa)  are  given  in  Table  3. 


Table  3:  Detection  thresholds  (DT)  in  dB  for  given  Pd  and  Pfa. 


Frequency 

(Hz) 

DT  (dB)  for 

Pd  =  0.9;  Pfa  =  10-4 

DT  (dB)  for 

Pd  =  0.99;  Pfa  =  10”4 

DT  (dB)  for 

Pd  =  0.9;  Pfa  =  10-6 

15 

-8.2 

-6.7 

-6.8 

50 

-8.2 

-6.7 

-6.8 

150 

-7.3 

-6.0 

-5.9 

300 

-7.3 

-6.0 

-5.9 

600 

-7.3 

-6.0 

-5.9 

Broadband 

-12.0 

-11.1 

-11.2 

In  the  case  of  broadband  signal  detection,  following  the  analysis  of  Ainslie  [44,  p.597], 
for  a  fluctuating  signal  in  Gaussian  noise  where  the  time-bandwidth  product  is  high 
enough,  the  detection  threshold  can  be  approximated  by: 

DT(Pfa)  ~  10  log10(erfc_1(2Pfa))  -  101og10  %2BT,  (3) 

for  a  Pd  of  0.5,  where  BT  is  the  time-bandwidth  over  which  the  incoherent  processing 
is  averaged.  Given  the  400  Hz  bandwidth  assumed  above,  and  a  16  second  integration 
time,  this  results  in  the  detection  thresholds  shown  in  Table  3. 

The  detection  threshold  can  also  be  affected  by  processing  multiple  potential  detec¬ 
tions,  within  or  across  frequencies.  Gains  can  potentially  be  realized  by  using  either 
a  binary  integrator  (he.,  ‘M  of  N’  approach)  [50,  51]  or  a  single  or  multiple  ‘OR’ 
operation  for  detections  [44].  These  are  not  considered  here. 
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3  Results 


3.1  Figure  of  merit 

Given  the  results  of  the  previous  section,  the  FOM  defined  in  Eq.  1  may  now  be 
computed.  The  detection  thresholds  used  are  those  tabulated  in  Table  3,  the  source 
levels  are  from  Table  2,  and  the  noise  level  is  given  by  the  bounds  of  the  minimum 
and  maximum  ambient  noise  minus  the  array  directivity  index  (except  for  the  low 
noise  state,  where  for  15  Hz  and  50  Hz  the  assumed  flow  noise  experienced  by  the 
array  is  used).  The  results  of  calculating  the  FOM  are  found  in  Table  4. 

Table  4:  Figures  of  Merit,  (FOM)  for  narrowband  and  broadband  detections  for  vary¬ 
ing  Pd  and  Pf a,  for  low  and  high  noise  conditions. 


Frequency 

FOM  (dB)  (low, high) 

FOM  (dB)  (low, high) 

FOM  (dB)  (low, high) 

(Hz) 

Pa  =  0.9;  Pfa  =  10~4 

Pa  =  0.99;  Pfa  =  10~4 

Pa  =  0.9;  Pfa  =  10~6 

15 

85,  81 

83,  80 

84,  80 

50 

114,  77 

112,  75 

112,  75 

150 

112,  668 

111,  65 

110,  64 

300 

108,  59 

107,  57 

106,  58 

600 

110,  56 

109,  55 

109,  55 

Broadband 

104,  66 

103,  65 

103,  65 

The  differences  in  the  FOM  in  low  noise  conditions  as  compared  to  high  noise  condi¬ 
tions  are  very  large  (up  to  50  dB),  particularly  for  the  highest  frequency  narrowband 
case.  The  best  FOM  is  obtained  for  the  50  Hz  narrowband  signal  in  low  noise.  In 
high  noise,  the  15  Hz  signal  performs  best,  as  at  this  point  the  ambient  noise  is  nearer 
the  flow  noise  floor.  There  is  almost  no  difference  between  the  cases  where  Pa  =  0.9 
and  Pfa  =  10-6  are  used,  as  compared  to  Pa  =  0.99  and  Pfa  =  10-4.  In  practice,  given 
the  large  number  of  frequency  bins  that  will  potentially  be  processed,  it  is  probably 
desirable  to  set  the  false  alarm  rate  even  lower  than  10-6. 

3.2  Transmission  loss 

The  FOMs  computed  in  Section  3.1  can  now  be  compared  to  modelled  one-way  trans¬ 
mission  loss,  giving  a  detection  range  for  the  specified  Pa  and  Pfa.  The  OASES 
wavenumber  integration  model  [52]  is  used  with  the  environmental  parameters  speci¬ 
fied  in  Section  2.1,  for  the  frequencies  of  interest,  with  assumed  target  depths  of  50  m 
and  500  m.  Transmission  loss  for  the  broadband  case  is  assumed  to  be  approximately 
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Figure  8:  Full  field  transmission  loss  in  Arctic  environment  at  50  Hz  for  a  source  at 
50  m  depth. 

equal  to  that  for  the  centre  frequency,  i.e.,  600  Hz.  The  depth-averaged  transmis¬ 
sion  loss  is  calculated  for  receivers  from  10  m  to  500  m  deep,  corresponding  to  the 
anticipated  depths  of  the  DAMS  array  elements. 

Figure  8  shows  an  example  of  the  transmission  loss  modelled  for  a  frequency  of  50  Hz 
for  a  50  m  deep  source.  The  transmission  loss  plotted  in  Figure  8  shows  that  com¬ 
paratively  low  losses  are  expected  over  the  part  of  the  water  column  occupied  by  the 
DAMS  array,  with  most  of  the  acoustic  energy  propagating  through  the  surface  duct. 
Given  the  relatively  low  losses  for  depths  through  the  first  few  hundred  metres  of  the 
water  column  and  the  lack  of  a  strong  interference  pattern  in  the  TL  plot,  it  is  likely 
that  beamforming  can  be  done  using  an  array  of  the  length  envisaged. 

3.3  Detection  results 

The  transmission  loss  can  now  be  plotted  against  the  FOMs  from  Table  4  to  determine 
detection  ranges  for  DAMS  against  the  target.  Figure  9  shows  an  example  for  the 
TL  for  a  50  Hz  signal  with  the  FOM  for  the  low  and  high  noise  50  Hz  narrowband 
detections,  using  Pd  =  0.9  and  Pfa  =  10~6.  Although  the  fluctuations  in  TL  indicate 
that  detections  could  be  expected  intermittently  at  longer  ranges,  for  the  high  noise 
case,  detection  ranges  are  limited  to  about  28  km  for  the  shallow  target,  and  8  km  for 
the  deep  target.  For  the  low  noise  case,  detection  ranges  are  much  higher.  In  both 
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Figure  9:  Transmission  loss  (TL)  and  Figure  of  Merit  (FOM)  vs.  range  for  deep 
(500  m)  and  shallow  (50  m)  targets  at  50  Hz. 

the  deep  and  shallow  target  cases,  detections  are  consistent  to  over  1000  km.  A  0  dB 
signal  excess  would  still  be  possible  at  ranges  out  to  over  900  km  for  ambient  noise 
conditions  10  dB  higher  (or  alternatively  source  levels  10  dB  lower). 

Detection  ranges  (DR)  for  each  of  the  conditions  considered  are  tabulated  in  Tables  5 
and  6,  for  shallow  and  deep  targets,  respectively.  The  range  given  is  the  mean  range 
beyond  which  signal  excess  drops  below  0  dB — signal  excess  might  still  be  positive 
in  certain  range  bands  beyond  these  ranges,  particularly  for  the  deeper  target,  where 
greater  fluctuations  in  coherent  transmission  loss  are  seen.  Detection  ranges  of  over 
1000  km  are  given  as  1000  km. 

Except  for  the  lowest  frequencies  where  flow  noise  likely  limits  the  performance  of 
the  DAMS  array,  the  lower  frequencies  give  the  best  detection  performance  in  the 
low  ambient  noise  case,  with  a  fairly  rapid  decrease  in  anticipated  detection  range 
as  frequencies  increase  to  the  hundreds  of  Hz.  In  the  high  noise  case,  detection 
ranges  are  quite  poor  except  at  the  lowest  frequencies,  where  ambient  noise  does  not 
limit  performance.  However,  it  is  worth  noting  that  the  high  noise  case  typically 
corresponds  to  ice  conditions  found  nearer  to  shore,  while  the  ambient  noise  in  the 
ice-covered  deep  Arctic  is  typically  expected  to  be  closer  to  the  low  noise  case.  In  most 
cases,  the  detection  ranges  for  the  deep  target  and  the  shallow  target  are  comparable. 
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Table  5:  Detection  ranges  for  narrowband  and  broadband  detections  for  varying  Pd 
and  Pfa>  for  low  and  high  noise  conditions,  for  a  50  m  deep  target. 


Frequency 

(Hz) 

DR  (km)  (low,  high) 
Pd  =  0.9;  Pfa  =  10~4 

DR  (km)  (low,  high) 
Pd  =  0.99;  Pfe  =  10-4 

DR  (km)  (low,  high) 
Pd  =  0.9;  Pfa  =  10-6 

15 

58,  33 

50,  21 

50,  30 

50 

1000,  37 

1000,  27 

1000,  28 

150 

210,  2.7 

180,  2.3 

180,  2.3 

300 

84,  1.0 

82,  0.8 

82,  0.9 

600 

100,  0.7 

100,  0.6 

96,  0.6 

Broadband 

54,  2.3 

53,  2.2 

53,  2.2 

Table  6:  Detection  ranges  for  narrowband  and  broadband  detections  for  varying  Pd 
and  Pfa,  for  low  and  high  noise  conditions,  for  a  500  m  deep  target. 


Frequency 

DR  (km)  (low,  high) 

DR  (km)  (low,  high) 

DR  (km)  (low,  high) 

(Hz) 

Pd  =  0.9;  Pfa  =  10~4 

Pd  =  0.99;  Pfa  =  10”4 

Pd  =  0.9;  Pfa  =  10-6 

15 

58,  32 

36,  11 

36,  11 

50 

1000,  9.9 

1000,  7.8 

1000,  8.0 

150 

230,  2.3 

220,  2.0 

220,  2.0 

300 

104,  1.0 

104,  0.8 

104,  0.8 

600 

105,  0.6 

104,  0.5 

104,  0.5 

Broadband 

71,  2.2 

71,  1.9 

71,  1.9 

Figure  3.3  graphically  indicates  the  coverage  that  could  reasonably  be  achieved  with 
the  DAMS  buoys.  The  light  gray  region,  or  good  acoustic  condition  range,  is  ~600- 
km,  and  indicates  the  detection  ranges  for  a  15  Hz  signal  in  noise  conditions  12 
dB  higher  than  the  low  noise  conditions  shown  in  Tables  5  and  6  (corresponding  to 
the  10th  percentile  noise  curve  from  Fig.  6).  The  darker  centre  represents  a  more 
conservative  200-km  detection  range  that  would  result  for  a  20-25  dB  increase  in  the 
noise  level  above  the  low  noise  threshold. 
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Figure  10:  Polar  map  shows  the  potential  for  areal  coverage  by  six  DAMS  buoys 
freely  drifting  in  the  Arctic  Gyre.  The  dark  centre  represents  a  conservative  200-km 
detection  range,  while  the  gradient-filled  larger  circles  represent  a  600-km  detection 
range  in  good  acoustic  conditions. 
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4  Conclusions 


The  DAMS  concept,  for  a  set  of  long-lived  drifting  arrays  with  on-board  processing, 
relies  on  the  nature  of  acoustic  propagation  in  the  Arctic.  Given  the  very  quiet  con¬ 
ditions  that  can  be  found  under  ice  cover,  detection  ranges  of  hundreds  of  kilometres 
are  feasible.  On  the  other  hand,  in  the  presence  of  ice  cracking  or  other  intensely 
noisy  phenomena,  DAMS  is  not  likely  to  function  as  well.  The  problem  of  ambient 
noise  limiting  the  detection  range  for  DAMS  can  be  mitigated  by  a  better  under¬ 
standing  of  the  nature  of  the  ambient  noise  in  the  Arctic.  Additional  research  into 
both  Arctic  environmental  conditions  and  signal  processing  for  under-ice  arrays  can 
lead  to  better  processing  and  improved  signal  to  noise  ratios.  These  improvements 
could  make  the  DAMS  concept,  already  a  promising  idea  for  part  of  an  underwater 
Arctic  surveillance  network,  even  more  valuable. 


20 


DRDC-RDDC-201 5-R021 


References 


[1]  Hutt,  Dan  L.  (2012),  An  Overview  of  Arctic  Ocean  Acoustics,  American 
Institute  of  Physics,  3rd  International  Conference  on  Ocean  Acoustics 
(OA2012). 

[2]  iridium©  Everywhere  (online),  http://www.iridium.com/default.aspx 
(Access  Date:  28  July  2014). 

[3]  NATO  Science  &  Technology.  Smart  Defence.  Today.  Anti-Piracy  Robots 
(online),  http://www.act.nato.int/article-21  (Access  Date:  28  July  2014). 

[4]  International  Arctic  Buoy  Programme  (online), 
http://iabp.apl.washington.edu/index.html  (Access  Date:  28  July  2014). 

[5]  Urick,  Robert  J.  (1983),  Principles  of  Underwater  Sound,  3rd  ed,  McGraw-Hill. 

[6]  Buck,  NM  (1968),  Arctic  Acoustic  Transmission  Loss  and  Ambient  Noise,  In 
Sater,  JE,  (Ed.),  Arctic  Drifting  Stations,  Arctic  Institute  of  North  America. 

[7]  Heard,  G.  J.,  Pelavas,  N.,  Lucas,  C.  E.,  Peraza,  Isaias,  Clark,  D.,  Cameron,  C., 
and  Shepeta,  V.  (2011),  Development  Of  Low-Cost  Underwater  Acoustic  Array 
Systems  For  The  Northern  Watch  Technology  Demonstration  Project,  In 
Canadian  Acoustics  Proceedings  of  the  Acoustics  Week  in  Canada  2011 , 

pp.  200-201,  Canadian  Acoustical  Association. 

[8]  Heard,  G.  J.,  Pelavas,  N.,  Lucas,  C.  E.,  Peraza,  Isaias,  Schattschneider,  G., 
Clark,  D.,  Cameron,  C.,  and  Shepeta,  V.  (2011),  Developing  An  Underwater 
Acoustic  Array  System  For  The  Northern  Watch  Technology  Demonstration 
Project,  In  Proceedings  of  the  40th  Technical  Cooperation  Program  Maritime 
Panel  TP-9,  The  Technical  Cooperation  Program. 

[9]  Heard,  G.  J.  (2008),  Rapidly  Deployable  Systems  Array  Technology.  DRDC 
Atlantic  Fact  Sheet  NetALS0108. 

[10]  Heard,  G.  J.,  Kennedy,  T.,  and  Mclnnis,  J.  (2006),  Rapid  Deployable  Systems 
(RDS)  for  LInderwater  Surveillance:  Final  Report,  (DRDC  Atlantic 

CR  2006-223)  MacDonald  Detwilcr. 

[11]  Ebbeson,  Gordon  R.,  Heard,  G.  J.,  Desharnais,  Francine,  Lucas,  C.  E.,  and 
Matthews,  M-N.  R.  (2007),  Hardware  and  Software  Progress  in  Deployable 
Systems,  In  Proceedings  of  the  36th  Technical  Cooperation  Program  Maritime 
Panel  TP-9,  The  Technical  Cooperation  Program. 


DRDC-RDDC-201 5-R021 


21 


[12]  Heard,  Garry  J.,  Pelavas,  Nicos,  Pecknold,  Sean,  Lucas,  Carmen,  and  Martin, 
Bruce  (2013),  Arctic  Ambient  Noise  Measurements  in  Support  of  the  DRDC 
Nothern  Watch  Project,  In  Proceedings  of  the  2013  International  Congress  of 
Acoustics,  International  Commission  for  Acoustics. 

[13]  Lucas,  Carmen,  Heard,  Garry  J.,  and  Pelavas,  Nicos  (2012),  The  DRDC 
Starfish  underwater  multi- influence  sensor  platform,  In  Proceedings  of  the  3rd 
International  Conference  on  Waterside  Security ,  International  Commission  for 
Acoustics. 

[14]  Toulgoat,  Mylene,  Djukic,  Petar,  and  Heard,  Garry  J.  (2012),  A  Low 
Complexity  Access  Network  for  Persistent  Surveillance  in  Underwater 
Environments,  In  Proceedings  of  the  Sensors  &  Electronics  Technology  (SET) 
Panel  and  Information  Systems  Technology  (1ST)  Panel  Joint  Symposium 
SET- 183  /  1ST- 112  on  Persistent  Surveillance:  Networks,  Sensors, 
Architecture,  NATO. 

[15]  Lucas,  Carmen,  Heard,  Garry  J.,  Pelavas,  Nicos,  and  Fleming,  Richard  (2013), 
The  Phase  Gradient  Bearing  Estimation  Algorithm,  In  Proceedings  of  the  2013 
International  Congress  of  Acoustics,  International  Commission  for  Acoustics. 

[16]  Heard,  Garry  J.  and  Pelavas,  Nicos  (2011),  Northern  Watch  Underwater  Sensor 
System  Operating  Concept,  (DRDC  Atlantic  TM  2011-087)  DRDC  Atlantic. 

[17]  Hewitt,  A.  (2014),  Underwater  Warfare  Program:  Olca  Force  Anti-Submarine 
Warfare  Project.  DRDC  Atlantic  S&T  Project  Charter. 

[18]  National  Snow  and  Ice  Data  Center,  Univ.  of  Colorado,  Boulder, 
http:  /  /  nsidc.org/ cryosphere  /  sotc  /  seadce.html. 

[19]  Coachman,  Lawrence  K  and  Aagaard,  Knut  (1974),  Physical  oceanography  of 
Arctic  and  Subarctic  seas,  Springer. 

[20]  Pickard,  George  L  and  Emery,  William  J  (1990),  Descriptive  physical 
oceanography:  an  introduction,  5th  ed,  Butterworth-Heinemann. 

[21]  Gramberg,  Igor  S,  Verba,  VV,  Verba,  Mark  L,  et  ah  (2001),  Sedimentary  Cover 
Thickness  Map-Sedimentary  Basins  in  the  Arctic,  Polar) or s chung,  69,  243-249. 

[22]  Poore,  Richard  Z,  Ishman,  Scott  E,  Phillips,  R  Lawrence,  and  McNeil,  David  H 
(1994),  Quaternary  stratigraphy  and  paleoceanography  of  the  Canada  Basin, 
western  Arctic  Ocean,  (Bulletin  2080)  US  Geological  Survey. 

[23]  Sellen,  Emma  (2009),  Quaternary  paleoceanography  of  the  Arctic  Ocean:  A 
study  of  sediment  stratigraphy  and  physical  properties,  Ph.D.  thesis, 
Stockholm. 


22 


DRDC-RDDC-201 5-R021 


[24]  Engen,  0yvind,  Gjengedal,  Jakob  Andreas,  Faleide,  Jan  Inge,  Kristoffersen, 
Yngve,  and  Eldholm,  Olav  (2009),  Seismic  stratigraphy  and  sediment  thickness 
of  the  Nansen  Basin,  Arctic  Ocean,  Geophysical  Journal  International ,  176(3), 
805-821. 

[25]  Diachok,  01  (1976),  Effects  of  sea-ice  ridges  on  sound  propagation  in  the  Arctic 
Ocean,  The  Journal  of  the  Acoustical  Society  of  America,  59,  1110. 

[26]  Gordon,  DF  and  Bucker,  HP  (1984),  Arctic  acoustic  propagation  model  with 
ice  scattering,  Final  Report,  May  1983- Jun.  198 4  Naval  Ocean  Systems  Center, 
San  Diego,  CA.,  Vol.  1. 

[27]  Fricke,  J  Robert  (1993),  Acoustic  scattering  from  elemental  Arctic  ice  features: 
Numerical  modeling  results,  The  Journal  of  the  Acoustical  Society  of  America, 
93,  1784. 

[28]  Metzler,  Adam  M,  Collis,  Jon  M,  and  Siegmann,  William  L  (2012),  Modeling 
low-frequency  seismo-acoustic  propagation  in  the  Arctic  using  a  parabolic 
equation  solution.,  The  Journal  of  the  Acoustical  Society  of  America,  132(3), 
1974. 

[29]  Heaney,  Kevin  and  Campbell,  Richard  (2013),  Effective  ice  model  for  under- ice 
propagation  using  the  fluid-fluid  parabolic  equation,  In  Proceedings  of  Meetings 
on  Acoustics,  Vol.  19,  p.  070052. 

[30]  Alexander,  Polly,  Duncan,  Alec,  and  Bose,  Neil  (2012),  Modelling  sound 
propagation  under  ice  using  the  Ocean  Acoustics  Library’s  Acoustic  Toolbox, 

In  Proceedings  of  Acoustics  2012,  Australian  Acoustical  Society. 

[31]  Urick,  R.J.  (1984),  Ambient  noise  in  the  sea,  Undersea  Warfare  Technology 
Office,  Naval  Sea  Systems  Command,  Dept,  of  the  Navy. 

[32]  Wenz,  G.M.  (1962),  Acoustic  ambient  noise  in  the  ocean:  spectra  and  sources, 
The  Journal  of  the  Acoustical  Society  of  America,  34(12),  1936-1956. 

[33]  Macpherson,  JD  (1962),  Some  Under-Ice  Acoustic  Ambient  Noise 
Measurements,  The  Journal  of  the  Acoustical  Society  of  America,  34,  1149. 

[34]  Ganton,  JH  and  Milne,  AR  (1965),  Temperature-and  Wind-Dependent 
Ambient  Noise  under  Midwinter  Pack  Ice,  The  Journal  of  the  Acoustical 
Society  of  America,  38,  406. 

[35]  Milne,  AR  (1972),  Thermal  tension  cracking  in  sea  ice:  A  source  of  underice 
noise,  Journal  of  Geophysical  Research,  77(12),  2177-2192. 

[36]  Milne,  AR  and  Ganton,  JH  (1964),  Ambient  Noise  under  Arctic-Sea  Ice,  The 
Journal  of  the  Acoustical  Society  of  America,  36,  855. 


DRDC-RDDC-201 5-R021 


23 


[37]  Pritchard,  Robert  S  (1984),  Arctic  Ocean  background  noise  caused  by  ridging 
of  sea  ice,  The  Journal  of  the  Acoustical  Society  of  America ,  75,  419. 

[38]  Polcari,  John  J  (1986),  Acoustic  mode  coherence  in  the  Arctic  Ocean,  Ph.D. 
thesis,  Massachusetts  Institute  of  Technology  and  Woods  Hole  Oceanographic 
Institution. 

[39]  Gavrilov,  Alexander  N  and  Mikhalevsky,  Peter  N  (2006),  Low-frequency 
acoustic  propagation  loss  in  the  Arctic  Ocean:  Results  of  the  Arctic  climate 
observations  using  underwater  sound  experiment,  The  Journal  of  the  Acoustical 
Society  of  America ,  119,  3694. 

[40]  Heard,  Garry  J.  and  Schumacher,  I.  (1996),  Time  compression  of  M-sequence 
transmissions  in  a  very  long  waveguide  with  a  moving  source  and  receiver,  The 
Journal  of  the  Acoustical  Society  of  America,  99(6),  3431-3438. 

[41]  Greene,  Charles  R  and  Buck,  Beaumont  M  (1964),  Arctic  ocean  ambient  noise, 
The  Journal  of  the  Acoustical  Society  of  America,  36,  1218. 

[42]  Dwyer,  R  (1982),  Arctic  ambient  noise  statistical  measurement  results  and 
their  implications  to  sonar  performance  improvements,  In  Proceedings  of 
Conference  on  Undersea  Ambient  Noise,  DTIC  Document. 

[43]  Diachok,  Orest  I  and  Winokur,  Robert  S  (1974),  Spatial  variability  of 
underwater  ambient  noise  at  the  Arctic  ice-water  boundary,  The  Journal  of  the 
Acoustical  Society  of  America,  55,  750. 

[44]  Ainslie,  Michael  (2010),  Principles  of  sonar  performance  modelling,  Springer. 

[45]  Heard,  G.  J.,  Pelavas,  N.,  Lucas,  C.  E.,  Peraza,  I.,  Clark,  D.,  Cameron,  C.,  and 
Shepeta,  V.  (2011),  Development  of  low-cost  underwater  acoustic  array  systems 
for  the  Northern  Watch  Technology  Demonstration  Project,  Canadian 
Acoustics,  39,  200-201. 

[46]  McEachern,  James  F  and  Lauchle,  Gerald  C  (1995),  Flow-induced  noise  on  a 
bluff  body,  The  Journal  of  the  Acoustical  Society  of  America,  97,  947. 

[47]  Knudsen,  V.  O.,  Allford,  R.  S.,  and  Ending,  J.  W.  (1943),  Survey  Survey  of 
Underwater  Sound  No.  2:  Sounds  from  Submarines,  Nat.  Def.  Res.  Comm. 

Div.  6,  Vol.  6.1-NDRC-1306. 

[48]  Urick,  Robert  J  (1977),  Models  for  the  amplitude  fluctuations  of  narrow-band 
signals  and  noise  in  the  sea,  The  Journal  of  the  Acoustical  Society  of  America, 
62,  878. 


24 


DRDC-RDDC-201 5-R021 


[49]  Walker,  Robert  S.  (1982),  The  detection  performance  of  FFT  processors  for 
narrowband  signals,  (Technical  Memorandum  82/A)  Defence  Research 
Establishment  Atlantic. 

[50]  Shnidman,  David  A  (1998),  Binary  integration  for  Swerling  target  fluctuations, 
Aerospace  and  Electronic  Systems,  IEEE  Transactions  on,  34(3),  1043-1053. 

[51]  Weiner,  Mark  A  (1991),  Binary  integration  of  fluctuating  targets,  Aerospace 
and  Electronic  Systems,  IEEE  Transactions  on,  27(1),  11-17. 

[52]  Schmidt,  Henrik  (1997),  OASES  version  3.1  user  guide  and  reference  manual, 
Department  of  Ocean  Engineering,  Massachusetts  Institute  of  Technology, 
Cambridge. 


DRDC-RDDC-201 5-R021 


25 


This  page  intentionally  left  blank. 


26 


DRDC-RDDC-201 5-R021 


3. 


DOCUMENT  CONTROL  DATA 

(Security  markings  for  the  title,  abstract  and  indexing  annotation  must  be  entered  when  the  document  is  Classified  or  Designated.) 


ORIGINATOR  (The  name  and  address  of  the  organization  preparing  the 
document.  Organizations  for  whom  the  document  was  prepared,  e.g.  Centre 
sponsoring  a  contractor's  report,  or  tasking  agency,  are  entered  in  section  8.) 


2a. 


SECURITY  MARKING  (Overall  security 
marking  of  the  document,  including 
supplemental  markings  if  applicable.) 


DRDC  -  Atlantic  Research  Centre 

PO  Box  1012,  Dartmouth  NS  B2Y  3Z7,  Canada 


UNCLASSIFIED 

2b.  CONTROLLED  GOODS 


(NON-CONTROLLED  GOODS) 
DMCA 

REVIEW:  GCEC  DECEMBER 
2012 


TITLE  (The  complete  document  title  as  indicated  on  the  title  page.  Its  classification  should  be  indicated  by  the  appropriate 
abbreviation  (S,  C  or  U)  in  parentheses  after  the  title.) 


Preliminary  modelling  of  acoustic  detection  capability  for  the  Drifting  Arctic  Monitoring  System 


4.  AUTHORS  (Last  name,  followed  by  initials  -  ranks,  titles,  etc.  not  to  be  used.) 

Pecknold,  S.  P.;  Heard,  G.  J. 


5.  DATE  OF  PUBLICATION  (Month  and  year  of  publication  of 
document.) 

6a.  NO.  OF  PAGES  (Total 
containing  information. 

Include  Annexes, 

Appendices,  etc.) 

6b.  NO.  OF  REFS  (Total 
cited  in  document.) 

February  2015 

34 

52 

7.  DESCRIPTIVE  NOTES  (The  category  of  the  document,  e.g.  technical  report,  technical  note  or  memorandum.  If  appropriate,  enter 
the  type  of  report,  e.g.  interim,  progress,  summary,  annual  or  final.  Give  the  inclusive  dates  when  a  specific  reporting  period  is 
covered.) 


Scientific  Report 


8.  SPONSORING  ACTIVITY  (The  name  of  the  department  project  office  or  laboratory  sponsoring  the  research  and  development  - 
include  address.) 

DRDC  -  Atlantic  Research  Centre 

PO  Box  1012,  Dartmouth  NS  B2Y  3Z7,  Canada 


9a.  PROJECT  OR  GRANT  NO.  (If  appropriate,  the  applicable 
research  and  development  project  or  grant  number  under 
which  the  document  was  written.  Please  specify  whether 
project  or  grant.) 

9b.  CONTRACT  NO.  (If  appropriate,  the  applicable  number  under 
which  the  document  was  written.) 

01ca0301  EA 

10a.  ORIGINATOR'S  DOCUMENT  NUMBER  (The  official 

document  number  by  which  the  document  is  identified  by  the 
originating  activity.  This  number  must  be  unique  to  this 
document.) 

10b.  OTHER  DOCUMENT  NO(s).  (Any  other  numbers  which  may 
be  assigned  this  document  either  by  the  originator  or  by  the 
sponsor.) 

DRDC-RDDC-201 5-R021 

1 1 .  DOCUMENT  AVAILABILITY  (Any  limitations  on  further  dissemination  of  the  document,  other  than  those  imposed  by  security 
classification.) 


(X)  Unlimited  distribution 

(  )  Defence  departments  and  defence  contractors;  further  distribution  only  as  approved 
(  )  Defence  departments  and  Canadian  defence  contractors;  further  distribution  only  as  approved 
(  )  Government  departments  and  agencies;  further  distribution  only  as  approved 
(  )  Defence  departments;  further  distribution  only  as  approved 
(  )  Other  (please  specify): 


12.  DOCUMENT  ANNOUNCEMENT  (Any  limitation  to  the  bibliographic  announcement  of  this  document.  This  will  normally  correspond 
to  the  Document  Availability  (11).  However,  where  further  distribution  (beyond  the  audience  specified  in  (11))  is  possible,  a  wider 
announcement  audience  may  be  selected.) 

Unlimited 


13.  ABSTRACT  (A  brief  and  factual  summary  of  the  document.  It  may  also  appear  elsewhere  in  the  body  of  the  document  itself.  It  is  highly 
desirable  that  the  abstract  of  classified  documents  be  unclassified.  Each  paragraph  of  the  abstract  shall  begin  with  an  indication  of  the 
security  classification  of  the  information  in  the  paragraph  (unless  the  document  itself  is  unclassified)  represented  as  (S),  (C),  or  (U).  It  is 
not  necessary  to  include  here  abstracts  in  both  official  languages  unless  the  text  is  bilingual.) 

The  Arctic  Ocean  is  a  region  of  interest  for  Canadian  defence.  Here,  a  concept  for  a  set  of  long-lived 
drifting  acoustic  monitoring  arrays  is  proposed.  The  detection  performance  of  this  concept,  the  Drifting 
Arctic  Monitoring  System,  or  DAMS,  is  investigated  via  modelling.  It  is  found  that  in  very  quiet  conditions, 
such  as  that  found  under  ice  cover,  detection  ranges  of  hundreds  of  kilometres  are  possible.  On  the  other 
hand,  in  the  presence  of  ice  cracking  or  other  intensely  noisy  phenomena,  DAMS  is  not  likely  to  function  as 
well.  The  limitations  imposed  by  this  noise  could  however  be  mitigated  by  a  more  complete  picture  of  the 
nature  of  the  ambient  noise  that  is  likely  to  be  encountered,  therefore  a  better  understanding  of  the  Arctic 
ambient  noise  environment  is  an  important  part  in  the  development  of  the  system.  This  could  make  the 
DAMS  concept  an  important  part  of  an  underwater  surveillance  network. 
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